Objective: To assess the value of quantitative ultrasound in patients with type 2 and 3 spinal muscular atrophy (SMA).
Spinal muscular atrophy (SMA) is a common neuromuscular disease of childhood characterized by motor neuron loss and varies greatly in severity. Infants with type 1 disease can present in respiratory distress and never achieve the ability to sit whereas patients with type 4 disease do not develop even mild appendicular weakness until adulthood. 1 Patients with type 2 (sitters) and type 3 (walkers) SMA have intermediate phenotypes. Currently, no sensitive outcome measure exists to assess the severity of the illness and disease progression. Although a variety of disease markers are used, including the Hammersmith Scale of physical function, 2,3 dynamometry strength testing, 4 and motor unit number estimation (MUNE), 5 all have limitations. For example, dynamometry is difficult to perform in young children, those with near-normal strength, or those who are profoundly weak.
One technique that may be useful as an outcome measure in SMA clinical trials is that of diagnostic ultrasound since it is well-tolerated, requires minimal patient cooperation, and can survey multiple muscles quickly. Previous studies have demonstrated that ultrasound is useful in assessing muscle deterioration in a variety of neuromuscular diseases. [6] [7] [8] [9] [10] [11] [12] [13] [14] Patients with neuromuscular disorders show increased muscle echogenicity from infiltration of muscle architecture by fat and connective tissue. 15 Moreover, patients with myopathies typically have normal or increased muscle thickness and normal subcutaneous fat thickness, whereas patients with neurogenic processes have decreased muscle thickness and increased subcutaneous fat thickness. 10, 14, 15 Importantly, muscle echo intensity can be quantified via computerassisted grayscale analysis with increased echo intensity correlating to increased disease severity. 10, 11, 16 Thus, the objective of this study is to assess the ability of quantitative ultrasound to evaluate muscles of individuals with the most common subtypes of SMA, types 2 and 3.
METHODS Standard protocol approvals, registrations, and patient consents. The study was approved by the Children's Hospital Boston Institutional Review Board, and all parents/subjects were required to give signed informed consent and assent. Patients with SMA aged 1 year and above were recruited through the Neurology service at Children's Hospital Boston. Inclusion criteria included having genetically confirmed SMA and clinically classified as type 2 (sitters) and type 3 (walkers). For the youngest patients, the classification of type 2 or type 3 was based on the clinical findings of a pediatric neurologist (B.T.D.) with many years of expertise as to the likelihood of the child achieving the ability to walk.
Normal subjects were also recruited through Children's Hospital Boston. All normal subjects underwent a brief history and examination to ensure that they were free of underlying neuromuscular disease.
Ultrasound measurements. In each subject, the biceps brachii, wrist extensors, quadriceps, and tibialis anterior at their midpoints on one arbitrarily chosen side were studied with the limb in a relaxed posture (midposition between flexed and extended). Ultrasonographic images were obtained using a Terason 2000 Handheld Ultrasound System (Terason, Burlington, MA) with a 5-MHz probe. The gain, compression, and time gain compensation sonographic settings were kept constant between subjects and all images were acquired on this single ultrasound device. Only the depth setting was adjusted in order to best evaluate the muscle of interest. Data analysis was performed on transverse images only since that has been the preferred approach of most investigators, 10, 11, 16 although recent data suggest that longitudinal image analysis can also work effectively and may be superior in some respects. 17 Images were exported from the Terason software to Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA) as tagged image file format files. Tissue luminosity was quantified following a modified version of previous investigators. 11 Representative boxes of interest were placed in the muscle and subcutaneous fat, excluding fascia (at the periphery or between muscle) and muscle-tendon transitions, similar to the technique previously described. 16 The Adobe grayscale histogram function was then applied (figure 1). The histogram function provided luminosity values for the selected area of tissue and since the distribution of the luminosity of the tissue was usually skewed, the median value was recorded for both the subcutaneous fat and the muscle at each of the 4 anatomic sites for each subject. A luminosity ratio (LR) for each muscle was then calculated by dividing the muscle luminosity value by the overlying subcutaneous fat luminosity value. A luminosity difference, obtained by subtracting the subcutaneous fat luminosity value from the muscle luminosity value, was also assessed. Using this approach, we could account for minor variations in image windowing, by using the subcutaneous fat as an internal reference. The subcutaneous skin thickness was determined by using electronic calipers during the ultrasound imaging process. The distance from the interface between the dermis and fat to the ventral fascia corresponded to the subcutaneous fat layer in all 4 locations. The subjects were asked to gently flex the muscle of interest to help with this determination. This was measured for all subjects in all 4 anatomic locations. All image data analysis was performed by one investigator (J.S.W.) who was blinded to all clinical information, did not participate in the ultrasound data acquisition, and was also blind to the dynamometry strength data when he performed this analysis.
Dynamometry. Dynamometry was performed on the same side as the ultrasound examination by 2 research assistants trained in strength measurements by the Pediatric Neuromuscular Research Network. All subjects underwent dynamometry using a handheld device (Manual Muscle Test System Model 01163, Lafayette Instruments, Lafayette, IN). Subjects were asked to sustain a maximum contraction for 5 seconds and each measurement was performed twice, the higher value being recorded each time. Subjects under 3 years of age, or those who clearly could not cooperate, were not studied.
Data analysis.
The LRs for all 4 muscles were averaged to obtain a single value for the entire subject. Similarly, strength scores and skin-fat thicknesses were also averaged per subject. One-way analyses of variance with post hoc t tests were performed to determine if there were significant differences among the type 2 patients, type 3 patients, and normal subjects. In order to evaluate the relationships between strength, skin-fat thickness, and LR, Pearson correlation analyses were performed. Significance was determined with ␣ Ͻ0.05, 2-tailed. All statistical analyses were conducted using SPSS (SPSS, Inc., Chicago, IL). (table 2) , including the post hoc analyses. Since our SMA population had a substantially greater number of female than male subjects, we investigated whether there was a male-female difference in the raw ultrasound values and LR in normal subjects. Although neither the raw muscle nor raw subcutaneous fat values were different, the LR was slightly higher in the female subjects vs the male subjects (1.40 Ϯ 0.33 vs 1.16 Ϯ 0.25, p ϭ 0.033). However, this difference was so small relative to the differences observed between healthy/disease groups that even substituting the female-only normal data for the data from the full cohort of normal subjects and repeating the same analyses did not alter the results.
RESULTS
Skin-fat thickness was different ( p Ͻ 0.001) between the groups, with the normal subjects having the lowest values (a mean of 5.37 Ϯ 2.6 mm), followed by the type 3 patients (a mean of 8.82 Ϯ 3.7 mm), and followed by the type 2 patients (a mean of 12.5 Ϯ 4.3 mm). Post hoc t tests demonstrated a significant difference between normal subjects and both groups of patients with SMA, but not between type 2 and type 3 patients.
Dynamometry data. Dynamometry data were obtained on 22 of the patients with SMA and 20 of the normal subjects; dynamometry was not performed in 4 patients because they were too young to cooperate. The mean force Ϯ SD for the normal subjects was Additional analyses. We completed a series of correlation analyses to better understand the relationship among the LR, strength, and skin-fat thickness and whether increased skin thickness could impact the LR. Taking all the normal subject and patient data together, there was a correlation between strength and the LR (r ϭ Ϫ0.711, p Ͻ 0.001) with a higher LR correlating with lower strength in the patients with SMA (r ϭ Ϫ0.588, p ϭ 0.008), and a nonsignificant correlation between LR and strength in normal subjects (r ϭ Ϫ0.011). Furthermore, across all subjects, the skin-subcutaneous fat thickness showed a nonsignificant relationship to the raw skin-fat luminosity value (r ϭ Ϫ0.215), supporting that this value was stable across all subjects. Moreover, in normal subjects there was no significant relationship between skin-fat thickness and raw luminosity of the muscle (r ϭ 0.179). In the patients with SMA, skinfat thickness increased with the LR (r ϭ 0.552, p ϭ 0.009). Once again, similar results were obtained for the luminosity difference (for example, the correlation between strength and the luminosity difference gave r ϭ 0.67, p Ͻ 0.01).
DISCUSSION
In this study, we show that quantitative ultrasound using a LR can discriminate between type 2 and type 3 SMA subtypes and that the LR correlates well with strength as measured by dynamometry. These results are consistent with previously published reports that ultrasound can be used to evaluate SMA 7-10,15 ; for example, using quantitative ultrasound, one study showed that neuromuscular disease could be distinguished from non-neuromuscular diseases with a sensitivity of 92% and specificity of 90% when 3 or more muscle groups showed an echo intensity more than 0.9 SD above normal. 10 Using qualitative ultrasound, another study showed that 16 of 18 patients with SMA had increased muscle echo intensity, increased subcutaneous tissue thickness, and muscle atrophy. 7 In that study, the 2 patients with SMA with relatively normal findings were infants, where it was hypothesized that changes in the muscle had not yet developed. 7 We chose a somewhat different approach to quantifying the ultrasound data than others. Previous investigators created a database of normal muscle echo intensity values in a group of normal subjects and used these reference values when assessing patients with neuromuscular disorders. 11 Since we were using an ultrasound machine different from other authors and did not have a large repository of normal subject data, we were interested in determining whether we could utilize the LR instead. Our results appear to support this approach. By employing the LR, we used the subcutaneous fat as an internal reference by which to compare differences in muscle echo intensity among the 3 study groups, with a high LR indicating increased muscle echo intensity and hence more diseased muscle. Utilizing a luminosity difference (possibly preferable to the LR for technical mathematical reasons) fared similarly. We also found virtually identical echo intensities for the skin-subcutaneous fat layer across the different subject groups, supporting the hypothesis that subcutaneous fat values can be used as an internal standard for each patient. This simple approach can be used to assess muscle health without a database of normal reference values and has the potential to be used with different ultrasound devices. Although other investigators have demonstrated the feasibility of converting normal muscle echo intensity values established on one ultrasound scanner for use on another using a phantom and a conversion equation, the technique we described could make these conversion techniques unnecessary. 18 Similar to prior studies, 10, 13, 18, 19 we evaluated 4 muscle groups; however, we chose to average data from the 4 muscles studied in each patient, thus assigning average values to the entire patient rather than to individual muscles. It would have been possible to complete a similar analysis with each of the 4 muscle groups; however, such an approach would have unnecessarily complicated the analysis. Nonetheless, this may be useful in future studies as children with type 3 SMA can have relatively normal upper extremity function but markedly impaired function in the lower extremities.
One confounding element to this study is the fact that the subcutaneous fat thickness also varies with disease group and severity. Theoretically, increasing skin-subcutaneous fat thickness might be expected to reduce the amount of sound waves reaching the muscle, thus causing the muscle to appear less echogenic. However, increasing subcutaneous fat is likely to be associated with increasing IM fat. Indeed, in normal subjects, there is no clear association between the raw muscle echo intensity and the skin-fat thickness. Among the patients with SMA, the subcutaneous fat thickness increased, rather than decreased, with muscle echo intensity, supporting the idea that disease severity is reflected in both the subcutaneous fat thickness and the muscle echogenicity. Indeed, in general, there is an increase in the subcutaneous fat in children with worsening disease severity with a variety of neuromuscular diseases. 7, 8, 10, 14 Previous work has also shown that reduction in actual muscle size in SMA can be readily detected on ultrasound 7, 8, 10, 13, 15 ; however, the increased echo intensity of muscle in individuals with advanced disease obscured deeper tissue and bone, making measurement of muscle thickness difficult. 8 This was true in a number of our patients with SMA, and thus muscle thickness could not be readily assessed and is not reported here.
Another small but important result is that the LR appears to be mildly dependent on sex, with slightly higher values found in the normal female subjects than male subjects. However, as noted above, this difference is small relative to the differences between groups, and this issue would likely not be relevant to any study assessing changes in the LR over time during a clinical trial.
Some additional limitations to our work deserve mention. First, dynamometry measurements in children, especially young ones, can be unreliable. Hence, the robustness of an association between an ultrasound parameter and the measured muscle strength needs to be interpreted cautiously. Second, there is inevitable variation in the process of selecting the areas of subcutaneous fat and muscle for grayscale analysis. We attempted to do this consistently and also performed the entire analysis in a blinded fashion. Third, it is possible that differences in ultrasound devices, transducer frequency, gain, compression, and time gain compensation may affect the data. Theoretically, variations in each of these ultrasound characteristics and settings could impact the image echo intensity. Complicating these variations further is the fact that ultrasound systems calculate the echo intensity data via complex formulas that are often proprietary. Also important, a higher frequency transducer may produce an image with differing echo intensity values when compared to a lower frequency transducer. Thus, additional studies, investigating the robustness of our findings and whether they hold across a variety of ultrasound systems, would be useful. Finally, we restricted our study to only patients with type 2 and type 3 disease, and did not attempt to evaluate the most severely affected, younger patients (e.g., type 1), in whom ultrasound may also be useful.
Although the focus of this work was on establishing quantitative ultrasound as a means of discriminating disease type, the next, more challenging question will be to determine whether ultrasound is capable of detecting alterations in SMA disease severity over time. If it is, it could provide a simple, noninvasive method for evaluating treatment efficacy in future clinical trials. 
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